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Fig. 29.11. The lattice of extrusions, drawn by Christopher Nolan іп his working 
notebook when developing the concepts for the complexified tesseract. 


To understand this in greater detail, let's focus momentarily on the single pair of extrusions 
that intersect in bedroom 2; see Figure 29.12. Cross sections through the room that are vertical in 
the picture travel rightward with passing time, along the blue time arrow; and as they travel, they 
create the blue extrusion. Similarly, cross sections that are horizontal travel upward as time 
passes, along the green time arrow, creating the green extrusion. Where the two sets of cross 
sections intersect— where the extrusions intersect—there is a bedroom. 
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Fig. 29.12. Cross sections of Murph's bedroom travel along two extrusions. Bedroom 
2 resides where the two sets of cross sections intersect. [My own hand sketch.] 


The same is true for all other extrusions. At each intersection of two extrusions, the cross 
sections they carry produce a bedroom. 

Because of the cross sections' finite speed, the various bedrooms are out of time synch with 
each other. For example, if it takes one second for cross sections to travel along each extrusion 
from one bedroom to the next, then all the bedrooms in Figure 29.13 are to the future of image 0 
by the number of seconds shown in black. In particular, bedroom 2 is one second ahead of 
bedroom 0, bedroom 9 is two seconds ahead of bedroom 0, and bedroom 8 is four seconds ahead 
of bedroom 0. Can you explain why? 

In the movie, the time lapse between adjacent bedrooms is closer to a tenth of a second than a 
full second. By watching adjacent bedrooms carefully as the curtains in Murph's bedroom 
window blow in the wind, you can estimate the time between bedrooms. 

Of course each bedroom in the movie's tesseract is Murph's actual bedroom at a particular 
moment of time—the time labeled in black in Figure 29.13. 

Cooper can move far faster than the flow of time in the bedroom extrusions, so he can easily 
travel through the tesseract complex to most any bedroom time that he wishes! 

To travel most rapidly into the future of Murph-bedroom time, Cooper should move along a 


diagonal of his chamber in the direction of increasing blue, green, and brown time (rightward, 
upward, and Inward)— that is, along the diagonal dashed violet line in Figure 29.13. Diagonals 
like this are devoid of extrusions; they are open channels along which Cooper can travel. In the 
movie we see him traveling along such an open diagonal channel to get from the bedroom time of 
the early ghostly book falls to the bedroom time of the wristwatch ticking (Figure 29.14). 
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Fig. 29.13. A portion of the lattice of bedrooms created by the intersections of the 
moving cross sections (the extrusions). The blue numbers identify specific bedrooms 
—an extension of the numbering system in previous figures. The black number on 
each bedroom indicates its amount of time to the future of bedroom 0. The dashed 
violet arrow is the direction in which Cooper can move most rapidly into the bedroom's 
future. 


Is Cooper really traveling forward and backward in time as he moves diagonally up and down 
through the complex? Forward and backward in the manner that Amelia Brand speculates bulk 
beings can when she says: “To Them time may be just another physical dimension. To Them the 
past might be a canyon they can climb into and the future a mountain they can climb up. But to us 
it's not. Okay?" 

What are the rules governing time travel in /nterstellar? 


Fig. 29.14. This is what Cooper sees as he travels rapidly into the future of Murph-bedroom time by soaring 


along a diagonal channel through the tesseract complex. The diagonal channel is in the picture's upper center. 
[From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


53 In Figure 29.7, Cooper has been turned over so he is facing the top of Murph's head as in Figure 29.6. This suggests that in the 
wall images 2, 3, 4, and 5, Murph should also be turned over. However, having her upside down in four images and right side up in 
two would be confusing to a mass movie audience, so the wall images have not been inverted here or in the movie. 

54 In the movie Murph's bedroom is not a cube; its length, width, and height are 20, 15, and 10 feet, and Cooper's chamber is three 
times larger in each dimension: 60, 45, and 30 feet. For simplicity, I idealize the bedrooms and chambers as cubes. 


55 Chris and Paul call these chambers “voids” because they are regions through which no extrusions pass. 


Messaging the Past 


Communicating Rule Sets to a Movie Audience 


(D 


В Christopher Nolan became /nterstellar's director and rewrote the screenplay, his 
brother Jonah taught me about rule sets. 

To maintain the desired level of suspense in a science-fiction movie, Jonah said, the audience 
must be told the rules of the game, the movie's “rule set." What do the laws of physics and the 
technology of the era allow, and what do they forbid? If the rules are not clear, then many in the 
audience will expect some miraculous event to save the heroine, out of the blue, and tension will 
fail to mount as it should. 

Of course you can’t say to the audience, “Неге is the rule set for this movie: . . .” It must be 
communicated in a subtle and natural way. And Chris is a master of this. He communicates his 
rule sets though the characters’ dialog. Next time you watch /nterstellar (how can you resist 
watching it again?), look within the film for his tell-tale bits of rule-set dialog. 


Christopher Nolan's Rule Set for Time Travel 
A 


It turns out (see below) that backward time travel is governed by the laws of quantum gravity, 


which are terra almost incognita, so we physicists don't know for sure what is allowed and what 
not. 
Chris made two specific choices for allowed and forbidden time travel—his rule set: 


Rule 1: Physical objects and fields with three space dimensions, such as people and light 
rays, cannot travel backward in time from one location in our brane to another, nor can 
information that they carry. The physical laws or the actual warping of spacetime 
prevent it. This 1s true whether the objects are forever lodged in our brane or journey 
through the bulk in a three-dimensional face of a tesseract, from one point in our brane 
to another. So, in particular, Cooper can never travel to his own past. 

Rule 2: Gravitational forces can carry messages into our brane's past. 


In the movie, rule 1 generates mounting tension. Murph grows older and older as Cooper 
lingers near Gargantua. With no possibility to travel backward in time there's a growing danger 
he'll never return to her. 

Rule 2 gives Cooper hope. Hope that he can use gravity to transmit the quantum data 
backward in time to young Murph, so she can solve the Professor's equation and figure out how to 
lift humanity off Earth. 

How do these rules play out in /nterstellar? 


Messaging Murph 
A 


When falling into and through the tesseract, Cooper truly does travel backward relative to our 
brane’s time, from the era when Murph is an old woman to the era when she is ten years old. He 
does this in the sense that, looking at Murph in the tesseract bedrooms, he sees her ten years old. 
And he can move forward and backward relative to our brane’s time (the bedroom’s time) in the 
sense that he can look at Murph at various bedroom times by choosing which bedroom to look 
into. This does not violate rule 1 because Cooper has not reentered our brane. He remains outside 
it, in the tesseract’s three-dimensional channel, and he looks into Murph’s bedroom via light that 
travels forward in time from Murph to him. 

But just as Cooper can’t reenter our brane in Murph’s ten-year-old era, so he can’t send light 
to her. That would violate rule 1. The light could bring her information from Cooper’s personal 
past, which is her future; information from the era when she is an old woman—backward-in-time 
information from one location in our brane to another. So there must be some sort of one-way 
spacetime barrier between ten-year-old Murph in her bedroom and Cooper in the tesseract, rather 
like a one-way mirror or a black-hole horizon. Light can travel from Murph to Cooper but not 


from Cooper to Murph. 

In my scientist's interpretation of /nterstellar, the one-way barrier has a simple origin: 
Cooper, in the tesseract, 1s always in ten-year-old Murph's future. Light can travel toward the 
future from Murph to him. It can't travel to the past from him to Murph. 

However, gravity can surmount that one-way barrier, Cooper discovers. Gravitational signals 
can go backward in time from Cooper to Murph. We first see this when Cooper desperately 
pushes books out of Murph's bookcase. Figure 30.1 shows a still from that scene of the movie. 


Fig. 30.1. Cooper pushes on the world tube of a book with his right hand. [From Interstellar, used courtesy of Warner 
Bros. Entertainment Inc.] 


To explain this still, I must tell you a bit more about the bedroom extrusions, as Chris and 
Paul Franklin explained them to me. Let's focus on the front blue extrusion in Figures 29.10 and 
29.12, which I reproduce as Figure 30.2 with extraneous stuff removed. Recall that this extrusion 
is a set of vertical cross sections through Murph's bedroom, traveling forward in bedroom time 
along the blue direction (rightward). 
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Fig. 30.2. The world tube of a book, within an extrusion of Murph's bedroom. Тһе book and its world tube аге 
drawn much larger than they actually are. /My own hand sketch.] 


eA тр” w. 


— 


Each object in the bedroom, for example each book, contributes to the bedroom's extrusion. In 
fact, the book has its own extrusion, which travels forward in time along the blue-arrow direction 
as part of the bedroom's larger extrusion. We physicists call a variant of this extrusion the book's 
“world tube." And we call the extrusion of each particle of matter in the book the particle's 
“world line." So the book's world tube is a bundle of world lines of all the particles that make up 
the book. Chris and Paul also use this language. The thin lines that you see in the movie, running 
along the extrusions, are world lines of particles of matter in Murph's bedroom. 

In Figure 30.1, Cooper slams his fist on the book's world tube over and over again, creating a 
gravitational force, which travels backward in time to the moment in Murph's bedroom that he is 
seeing and then pushes on the book's world tube. The book's tube responds by moving. The tube's 
motion appears to Cooper as an instantaneous response to his pushes. And the motion becomes a 
wave traveling leftward down the tube (Figure 30.2).°° When the motion gets strong enough, the 
book falls out of the bookcase. 

By the time Cooper has received the quantum data from TARS, he has mastered this means of 
communication. In the movie we see him pushing with his finger on the world tube of a watch's 
second hand. His pushes produce a backward-in-time gravitational force, which makes the 
second-hand twitch in a Morse-encoded pattern that carries the quantum data. The tesseract stores 
the twitching pattern in the bulk so it repeats over and over again. When forty-year-old Murph 
returns to her bedroom three decades later, she finds the second hand still twitching, repeating 
over and over again the encoded quantum data that Cooper has struggled so hard to send her. 

How does ће backward-in-time gravitational force work? I'll describe my physicist’ s 
interpretation after I tell you what I know, or think I know, about backward time travel. 


Time Travel Without a Bulk: What I Think I Know 


€> 


In 1987, triggered by Carl Sagan (Chapter 14), I realized something amazing about wormholes. If 
wormholes are allowed by the laws of physics, then Einstein’s relativistic laws permit 
transforming them into time machines. The nicest example of this was discovered a year later by 
my close friend Igor Novikov, in Moscow, Russia. Igor's example, Figure 30.3, shows that a 
wormhole’s transformation into a time machine might occur naturally, without the aid of 
intelligent beings. 

In Figure 30.3, the bottom mouth of the wormhole is in orbit around a black hole and the upper 
mouth is far from the black hole. Because of the black hole's intense gravitational pull, Einstein's 
law of time warps dictates that time flow more slowly at the lower mouth than at the upper mouth. 
More slowly, that is, when compared along the path of gravity's intense pull: the dashed purple 
path through the external universe. I presume, for concreteness, that this has produced a one-hour 
lag so when compared through the external universe, the bottom clock shown in the figure is one 
hour behind the top clock. And this time lag is continuing to grow. 


Fig. 30.3. Wormhole as a time machine. 


Since there is only a tiny gravitational pull inside the wormhole, Einstein’s law of time warps 
dictates that, as seen through the wormhole, time flows at essentially the same rate in the upper 
mouth as in the lower mouth. So there is no time lag when the clocks are compared through the 
wormhole. They are synchronized. 

Suppose, further, for concreteness, that the distance from mouth to mouth in the external 
universe is short enough that you can traverse it in five minutes as measured by the clocks, and 
you can travel through the wormhole in one minute. Then this wormhole has already become a 
time machine. You leave the upper mouth at time 2:00 as measured by the clock there, and travel 
through the external universe to the lower mouth, arriving at 2:05 upper clock time and 1:05 
lower clock time. You then make a one-minute trip upward through the wormhole, from lower 


mouth to upper. Since the clocks. are synchronized through the wormhole, you reach the upper 
mouth at time 1:06 as seen by both clocks. You arrive back at your starting point fifty-four minutes 
before your 2:00 departure, and you meet your younger self. 

Some days earlier, when the time difference was much less, the wormhole was not yet a time 
machine. It became a time machine at the first moment when something, moving at the highest 
possible speed, the speed of light, was able to travel along your route and arrive back at the top 
mouth at the very moment it started out. 

If that something is a particle of light (a photon), for example, then we began with one photon 
and we now have two, at the starting place and time. After those two make the trip, we have four 
at that same place and time, then eight, then sixteen, . . . ! There is a growing crescendo of energy 
coursing through the wormhole, perhaps enough that the energy's gravity destroys the wormhole at 
the very moment it is becoming a time machine. 

It would seem easy to prevent this. Just shield the wormhole from photons. However, there is 
something you cannot shield out: quantum fluctuations of light with ultrahigh frequency— 
fluctuations that inevitably exist, according to the quantum laws (Chapter 26). In 1990, Sung-Won 
Kim (a postdoctoral student in my research group) and I used the quantum laws to compute the 
fate of such fluctuations. We found a growing explosion (Figure 30.4). We thought, at first, that the 
explosion was too weak to destroy the wormhole. The wormhole would become a time machine 
despite the explosion, we thought. Stephen Hawking convinced us otherwise. The fate of the 
explosion is controlled by the laws of quantum gravity, he convinced us. Only when those laws 
are well understood will we know for sure whether backward time travel is possible. 

Stephen, however, was so convinced that the ultimate answer will be no time machines, that 
he codified this in what he calls his “chronology protection conjecture": The laws of physics will 
always prevent backward time travel, thereby “keeping the universe safe for historians." 


Fig. 30.4. Quantum fluctuations of light, traveling along the red path, build up into a crescendo explosion at the 
moment the wormhole is becoming a time machine. 


Many researchers have struggled, over the past twenty years, to prove or disprove Hawking's 
chronology protection conjecture. The bottom line today, I think, remains the same as in the early 
1990s, when he and I were debating the issue: Only the laws of quantum gravity know for sure. 


Time Travel with a Bulk 
A 


All this research and conclusions—educated guesses—are based on the laws of physics that 
prevail if there is no bulk with a large fifth dimension. What happens to time travel if a large 
bulk does exist, as in Interstellar? 

We physicists find Einstein’s relativistic laws so compelling that we suspect they hold in the 
bulk as well as in our brane. So Lisa Randall, Raman Sundrum, and others have extended his laws 
into the five-dimensional bulk by one simple step: adding a new dimension to space. That 
extension proceeds mathematically in a straightforward and beautiful manner, which makes us 
physicists think we may be on the right track. In my interpretation of the movie, Professor Brand 
uses this extension as a foundation for his equation and for his struggle to understand gravitational 
anomalies (Chapter 25). 

If this speculative extension 15 correct, then time behaves fundamentally the same in the bulk 
as in our brane. In particular, objects and signals in the bulk, like those in our brane, can only 
move in one direction through locally measured time (local bulk time): toward the future. They 
cannot move backward, locally. If backward time travel is possible in the bulk, it can be achieved 
only by journeying out through the bulk’s space and returning before the journey started while 
always moving forward in local bulk time. This is a bulk analog of the round trip in Figure 30.3. 


Messaging Murph: My Physicist’s Interpretation 
A 


This description of time underlies my physicist's interpretation of Cooper 's messaging Murph. 

Recall that the tesseract is an object whose faces have three space dimensions and interior has 
four. The interior is part of the bulk. Everything we see in ће movie's tesseract scenes lies in the 
faces: Cooper, Murph, Murph's bedroom, the bedroom's extrusions, the world tubes of the book 
апа watch—all lie in tesseract faces. We never see the tesseract’s bulk interior. We can't see it, 
since light can't travel through four space dimensions, only three. However, gravity can do so. 

In my interpretation, when Cooper sees a book in Murph's bedroom, he does so via a light ray 
that travels in faces of the tesseract (for example, the red dashed ray in Figure 30.5). And when he 
pushes on a book's world tube, or on the world tube ofthe watch's second hand, he generates a 


gravitational signal (a gravitational wave in the bulk) that spirals into and through the tesseract's 
bulk interior, along the violet curve in Figure 30.5. The signal travels forward in local, bulk time, 
but backward in bedroom time, arriving before it started out.” It is this gravitational signal that 
pushes the book out of the bookcase and twitches the watch's second hand. 
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Fig. 30.5. A Cooper icon sees a book via the red dashed light ray and exerts a force 
on the book via a gravitational signal that spirals along the violet curve. l've suppressed 
one of our brane's spatial dimensions. 


This is rather like one of my favorite Escher drawings, Waterfall (Figure 30.6). Downward in 
the drawing is analogous to the forward flow of bedroom time, and the flowing water is 
analogous to the forward flow of local time. A leaf on the water is carried forward with the water 
just like signals in the bulk are carried forward in local time. 


Fig. 30.6. Waterfall. [Drawing by M. C. Escher.] 


When carried by water down the waterfall, the leaf is like the light ray from the book to 
Cooper: It travels not only forward in local time but also downward (forward in bedroom time). 
When carried along the aqueduct, the leaf is like the gravitational signal from Cooper to the book: 
it travels forward in local time but upward^? (so backward in bedroom time). 

How, in this interpretation, do I explain Amelia Brand's description of time as seen by beings 
in the bulk? *To Them time may be just another physical dimension. To Them the past might be a 
canyon They can climb into and the future a mountain They can climb up." 

Einstein's laws, extended into the bulk, tell us that local bulk time can't behave this way. 
Nothing in the bulk can go backward in local bulk time. However, when looking into our brane 


from the bulk, Cooper and bulk beings can and do see our brane's time (bedroom time) behave 
like Brand says. As seen from the bulk, *our brane's time can look like just another physical 
dimension," to paraphrase Brand. “Our brane's past looks like a canyon that Cooper can climb 
into [by traveling down the tesseract’s diagonal channel |, and our brane's future looks like a 
mountain that Cooper can climb up [by traveling up the tesseract's diagonal channel; Figure 
29.14].” 

This is my physicist's interpretation of Brand's words. And Chris interprets them similarly. 


Touching Brand Across the Fifth Dimension 
A 


In /nterstellar, with the quantum data safely in Murph’s hands, Cooper's mission is finished. The 
tesseract, carrying him through the bulk, begins to close. 

As itis closing, he sees the wormhole. And within the wormhole, he sees the Endurance on 
its maiden voyage to Gargantua. As he sweeps past the Endurance, he reaches out and 
gravitationally touches Brand across the fifth dimension. She thinks she has been touched by a 
bulk being. She has . . . by a being riding through the bulk in a rapidly closing tesseract. By an 
exhausted, older Cooper. 


56 Why leftward? So the tube is always at the same transverse position at any specific moment of bedroom time. Think about it. 

57 I can easily write down a mathematical description of spacetime warping that achieves this—a warping that bulk engineers could 
try to build to facilitate gravitational signals going forward in local bulk time, but backward relative to bedroom time; see the 
technical notes for this chapter, at the end of the book, especially Figure TN.1. Whether the bulk engineers could actually build 
this warping in practice depends on the laws of quantum gravity—laws that I don't know, but TARS discovers in Gargantua's 
singularity. 

58 Via an optical illusion. 


Lifting Colontes off Earth 
A 


Pass in /nterstellar, when Cooper first visits the NASA facility, he is shown a giant, 
cylindrical enclosure being constructed to carry thousands of humans into space and house them 
for many generations: a space colony. And he's told there are others being constructed elsewhere. 

“How does it get off Earth?" Cooper asks the Professor. “Those first gravitational anomalies 
changed everything," the Professor replies. "Suddenly we knew that harnessing gravity was real. 
So I started working on the theory—and we started building this station." 

At the end of Interstellar we see everyday life back on even keel, inside the colony, floating 
in space (Figure 31.1). 


Fig. 31.1. Kids playing baseball inside the space colony, as seen by Cooper looking through a window. [From 
Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


How did it get lifted into space? The key, of course, was the quantum data (1n my scientist's 
interpretation, the quantum gravity laws) that TARS extracted from Gargantua's singularity 
(Chapters 26 and 28) and Cooper transmitted to Murph (Chapter 30). 

In my interpretation, by discarding quantum fluctuations from those laws (Chapter 26), Murph 
learned the nonquantum laws that govern gravitational anomalies. And from those laws, she 
figured out how to control the anomalies. 

As a physicist, I’m eager to know the details. Was Professor Brand on the right track in the 
equations that covered his blackboards? (Chapter 25 and this book’s page at 
Interstellar.withgoogle.com.) Did he really have half the answer, as Murph asserted before getting 
the quantum data? Or was he way off? Is the secret to anomalies and controlling gravity something 
completely different? 

Perhaps a sequel to /nterstellar will tell us. Christopher Nolan is a master of sequels; just 
watch his Batman trilogy. 

But one thing seems clear. Murph must have figured out how to reduce Newton's gravitational 
constant G inside the Earth. Recall (Chapter 25) that the Earth's gravitational pull is given by 
Newton's inverse square law: g = Gm/r?, where r? is the squared distance from the Earth's 


center, m 1s the mass of the Earth, and G is Newton's gravitational constant. Cut Newton's G in 
half and you reduce the Earth's gravity by two. Cut G by a thousand and you reduce the Earth's 
gravity by a thousand. 

In my interpretation, with Newton's G reduced inside the Earth to, say, a thousandth its normal 
value for, say, an hour, rocket engines could lift the enormous colonies into space. 

As a byproduct, in my interpretation the Earth's core—no longer compressed by the enormous 
weight of the planet above—must have sprung outward, pushing the Earth's surface upward. 
Gigantic earthquakes and tsunamis must have followed, wreaking havoc on Earth as the colonies 
soared into space, a terrible price for the Earth to pay on top of its blight-driven catastrophe. 
When Newton's G was restored to normal strength, the Earth must have shrunk back to its normal 
size, wreaking more earthquake and tsunami havoc. 

But humanity was saved. And Cooper and ninety-four-year-old Murph were reunited. Then 
Cooper set out in search of Amelia Brand in the far reaches of the universe. 


Some Parting Thoughts 
(D 


Every time I watch /nterstellar and browse back through this book, I’m amazed at the enormous 
variety of science they contain. And the richness and beauty of that science. 

More than anything, I'm moved by /nterstellar's underlying, optimistic message: We live in a 
universe governed by physical laws. By laws that we humans are capable of discovering, 
deciphering, mastering, and using to control our own fate. Even without bulk beings to help us, we 
humans are capable of dealing with most any catastrophe the universe may throw at us, and even 
those catastrophes we throw at ourselves—from climate change to biological and nuclear 
catastrophes. 

But doing so, controlling our own fate, requires that a large fraction of us understand and 
appreciate science: How it operates. What it teaches us about the universe, the Earth, and life. 
What it can achieve. What its limitations are, due to inadequate knowledge or technology. How 
those limitations may be overcome. How we transition from speculation to educated guess to 
truth. How extremely rare are revolutions in which our perceived truth changes, yet how very 
important. 

I hope this book contributes to that understanding. 


WHERE CAN YOU LEARN MORE? 


Chapter 1. A Scientist in Hollywood: The Genesis of Interstellar 


For readers interested in the culture of Hollywood and the shifting sands of moviemaking, I highly 
recommend two books by my partner, Lynda Obst: Hello, He Lied: & Other Truths from the 
Hollywood Trenches (Obst 1996) and Sleepless in Hollywood: Tales from the New Abnormal in 
the Movie Business (Obst 2013). 


Chapter 2. Our Universe in Brief 


For an overview of our entire universe with lots of great pictures, and with connections to what 
you can see in the night sky with your naked eye, binoculars, and telescopes, see Universe: The 
Definitive Visual Guide (Rees 2005). Many good books have been written about what happened 
in our universe's earliest moments, its big-bang origin, and how the big bang may have gotten 
started. I particularly like The Inflationary Universe (Guth 1997); Big Bang: The Origin of the 
Universe (Singh 2004); Many Worlds in One: The Search for Other Universes (Vilenkin 2006); 
The Book of Universes: Exploring the Limits of the Cosmos (Barrow 2011); and Chapters 3, 14, 
and 16 of From Eternity to Here: The Quest for the Ultimate Theory of Time (Carroll 2011). 
For current research on the big bang, see the blog by Sean Carroll, Preposterous Universe 
(Carroll 2014) at http://www w.preposterousuniverse.conyblog/. 


Chapter 3. The Laws That Control the Universe 


Richard Feynman, one of the great physicists of the twentieth century, gave a series of lectures for 


the general public in 1964 that delved deeply into the nature of the laws that control our universe. 
He wrote up his lectures in one of my favorite books of all time, The Character of Physical Law 
(Feynman 1965). For a more detailed, more up-to-date, and much longer book on the same topic, 
see The Fabric of the Cosmos: Space, Time, and the Texture of Reality (Greene 2004). Easier 

going, perhaps more fun, and equally deep is The Grand Design (Hawking and Mlodinow 2010). 


Chapter 4. Warped Time and Space, and Tidal Gravity 


For historical details on Einstein's concepts of warped time and space, their connection to tidal 
gravity, and his relativistic laws built on these concepts, see Chapters 1 and 2 of Black Holes & 
Time Warps: Einstein's Outrageous Legacy (Thorne 1994); and for a plethora of experiments 
that show Einstein was right, see Was Einstein Right? Putting General Relativity to the Test 
(Will 1993). “Subtle Is the Lord... .”: The Science and the Life of Albert Einstein (Pais 1982) 
is a biography of Einstein that focuses in depth on all of Einstein's contributions to science; it's 
much tougher going and much more scholarly than Thorne or Will. There are other, more 
comprehensive biographies of Einstein—I especially like Einstein: His Life and Universe 
(Isaacson 2007)—but no other biography treats Einstein’s science with anything approaching the 
accuracy and detail of Pais. 

Gravity from the Ground Up: An Introductory Guide to Gravity and General Relativity 
(Schutz 2003) is an in-depth discussion of gravity and its roles in our universe (both Newtonian 
gravity and Einstein's warped spacetime), written for the general reader. For the same material at 
the level of an advanced undergraduate physics or engineering student, I like the textbooks by 
James Hartle, Gravity: An Introduction to Einstein 's General Relativity (Hartle 2003), and by 
Bernard Schutz, A First Course in General Relativity (Schutz 2009). 


Chapter 5. Black Holes 


For greater detail on black holes and how we came to know the things we think we know about 
them, I suggest Gravity s Fatal Attraction: Black Holes in the Universe (Begelman and Rees 
2009), Black Holes & Time Warps (Thorne 1994), and a lecture that I gave in 2012 at Stephen 
Hawking's seventieth birthday party: http://www w.ctc.cam.ac.uk/hawking70/multimedia kt.html. 
Andrea Ghez describes her team's wonderful discoveries about the black hole at the center of our 
Milky Way Galaxy in a Ted talk at http://www ..ted.com/speakers/andrea_ghez and on her team’s 
website, http://www.galacticcenter.astro.ucla.edu. 


Chapter 6. Gargantua's Anatomy 


For properties of black holes that are featured in this chapter, see Chapter 7 of Black Holes & 
Time Warps (Thorne 1994), especially pp. 272—295; and at a more technical level, with 
equations, Gravity: An Introduction to Einstein 8 General Relativity (Hartle 2003). Also see the 
appendix Some Technical Notes in this book. For the shell of fire and the orbits of photons 
temporarily trapped in it, see Edward Teo's technical paper (Teo 2003). 


Chapter 7. Gravitational Slingshots 


For a discussion of gravitational slingshots at a modestly more technical level than mine, I 
recommend the Wikipedia article http://en.wikipedia.org/wiki/Gravity assist. But don't believe 
what it says about slingshots around black holes. Its statement (as of July 4, 2014) that “ifa 
spacecraft gets close to the Schwarzschild radius [horizon] of a black hole, space becomes so 
curved that slingshot orbits require more energy to escape than the energy that could be added by 
the black hole's motion" is just plain wrong. Indeed, you should always read Wikipedia with 
some cautious skepticism. In my experience, in areas where I am an expert, roughly 10 percent of 
Wikipedia's statements are wrong or misleading. 

More reliable than Wikipedia for gravitational slingshots, but less comprehensive, is 
http://www2.jpl.nasa.gov/basics/grav/primer.php. A gravitational-slingshot video game has been 
developed in connection with /nterstellar; see Game.InterstellarMovie.com. 

For a somewhat technical discussion of the intermediate-mass black holes that I invoke for 
gravitational slingshots, see Chapter 4 of Black Hole Astrophysics: The Engine Paradigm 
(Meier 2012). 

You can generate and explore complicated orbits around fast-spinning black holes, such as 
that in Figure 7.6, using a tool written by David Saroff and available at 
http://demonstrations.wolfram.com/3DKerrBlackHoleOrbits. 


Chapter 8. Imaging Gargantua 


Simulations of the gravitational lensing of star fields by black holes, similar to those that underlie 
Interstellar, have been carried out previously by a number of physicists and can be found on the 
web. Especially impressive are those by Alain Riazuelo; see 
www2.iap.fr/users/riazuelo/interstellar. See also the section on Chapter 28, below. 

Paul Franklin's team and I plan to write several somewhat technical articles about the 
simulations that they carried out using the equations I gave them: the simulations underlying 
Interstellar’s images of Gargantua and its disk and the wormhole, and additional simulations that 
have revealed surprising things. You can access these articles on the web at 
http://arxiv.org/find/gr-qc. 


Chapter 9. Disks and Jets 


For in-depth discussions of quasars, accretion disks, and jets, see Gravity s Fatal Attraction 
(Begelman and Rees 2009), Chapter 9 of Black Holes & Time Warps (Thorne 1994), and at a 
more technical and more detailed level, Black Hole Astrophysics (Meier 2012). For the tidal 
disruption of stars by black holes and the resulting accretion disks, see the website of James 
Guillochon (who, with colleagues, was responsible for the simulations that underlie Figures 9.5 
and 9.6): http://astrocrash.net/projects/tidal-disruption-of-stars/. For astrophysically realistic 
film clips of accretion disks and their jets, I recommend some by Ralf Kaehler (Stanford 
University) at http://www.slac.stanford.edu/~kaehler/homepage/visual 1zations/black-holes.html, 
based on simulations by Jonathan C. McKinney, Alexander Tchekhovskoy, and Roger D. 
Blandford (McKinney, Tchekhovskoy, and Blandford 2012). For some images of accretion disks 
with Doppler shifts included as well as gravitational lensing, see the website of the astrophysicist 
Avery Broderick, http://www.science.uwaterloo.ca/~abroderi/Press/. The simulations that 
underlie Gargantua’s accretion disk in /nterstellar (for example, Figure 9.9) will be described in 
one or more articles to appear at http://arxiv.org/find/gr-qc. 


Chapter 10. Accident Is the First Building Block of Evolution 


I don’t know any nontechnical discussions of the simulations that show the star density near a 
massive black hole growing, rather than decreasing. For a technical discussion and analysis, see 
Chapter 7 of Dynamics and Evolution of Galactic Nuclei (Merritt 2013), particularly Figure 7.4. 


Chapter 11. Blight 


If you watch the daily science news, or just observe the world around you, you'll see examples of 
the kinds of scenarios that my biologist colleagues describe in this chapter—mild examples, thus 
far, fortunately; not catastrophic examples. A recent one is the amazing jump of a lethal virus from 
plants to honeybees, http://blogs.scientificamerican.com/artful-amoeba/2014/01/3 1/suspicious- 
virus-makes-rare-cross-kingdom-leap-from-plants-to-honeybees; this was a far bigger jump than 
that from okra to corn in /nterstellar, but a far less lethal pathogen. Another example is the rapid 
demise of tree species once dominant on the American scene: not only the American chestnut tree 
mentioned by Meyerowitz in Chapter 11, but the American elm tree, 
http://landscaping.about.com/cs/treesshrubs/a/american_elms.htm, and the giant pine trees around 
my cabin on Palomar Mountain, near the 200-inch telescope. 


Chapter 12. Gasping for Oxygen 


The cycling of oxygen between the breathable oxygen molecule O,, and carbon dioxide CO,, and 
also (more slowly) other forms, is called the Earth's *oxygen cycle." Google it. The cycling of 
carbon between CO, in the atmosphere, plants (dead and alive), and also (much more slowly) 
other forms such as coal, oil, and kerogen, is called the “carbon cycle." Google it, too. Obviously 
these cycles are coupled; they influence each other. They are the foundation for Chapter 13. 


Chapter 13. Interstellar Travel 


Exoplanets (planets beyond our solar system) are being discovered at a furious pace. Nearly 
complete catalogs, updated daily, are at http://exoplanet.eu and http://exoplanets.org. A catalog of 
exoplanets that could be habitable is at http://phl.upr.edu/hec. For the human side and history of 
the search for exoplanets and life beyond the solar system, see Mirror Earth: The Search for Our 
Planet's Twin (Lemonick 2012) and Five Billion Years of Solitude: The Search for Life Among 
the Stars (Billings 2013); for technical and scientific details, see The Exoplanet Handbook 
(Perryman 2011). Confessions of an Alien Hunter: A Scientist's Search for Extraterrestrial 
Intelligence (Shostak 2009) 16 an excellent description of the search for extraterrestrial 
intelligence (SETI) via radio signals from beyond Earth and by other methods. 

For information about technologies that we humans could pursue in our quest for interstellar 
travel, I suggest http://en.wikipedia.org/wiki/Interstellar travel and 
http://fourthmillenniumfoundation.org. The astronaut Mae Jemmison is spearheading a quest to 
send humans beyond the solar system in the next century; see http://100yss.org. A lot of nonsense 
is written about interstellar travel via warp drives and wormholes. The technology of this century 
and likely the next few 1s incapable of any realistic effort in this direction, unless some far more 
advanced civilization provides us with the necessary spacetime warps, as in Interstellar. So 
don't waste your time reading articles and claims about us humans producing strong enough warps 
for interstellar travel іп your lifetime or that of your great-grandchildren. 


Chapter 14. Wormholes 


For greater detail on wormholes, I especially recommend Lorentzian Wormholes: From Einstein 
to Hawking (Visser 1995), despite its being nearly twenty years old. I also recommend the last 
chapter of Black Holes & Time Warps (Thorne 1994), Chapter 9 of Time Travel and Warp 
Drives (Everett and Roman 2012), and Chapter 8 of Black Holes, Wormholes, and Time 
Machines (Al-Khalili 2012). For an up-to-date discussion of the exotic matter required to hold a 
wormhole open, see Chapter 11 of Time Travel and Warp Drives (Everett and Roman 2012). 


Chapter 15. Visualizing /nterstellar's Wormhole 


Paul Franklin's team and I give much greater detail about our work on wormhole visualization in 
one or more articles that we plan to make available on the web at http://arxiv.org/find/gr-qc. 


Chapter 16. Discovering the Wormhole: Gravitational Waves 


For up-to-date information about LIGO and the search for gravitational waves, see the website of 
the LIGO Scientific Collaboration, http://www .ligo.org, especially the “News” and “Magazine” 
sections; also the LIGO Laboratory's website http://www.ligo.caltech.edu, and also Kai Staats's 
2014 movie at http://www.space.com/25489-ligo-a-passion-for-understanding-complete- 
film.html. On the web you can also find a number of pedagogical lectures by me about 
gravitational waves and the warped side of the universe, for example my three “Pauli Lectures" at 
http://www .multimedia.ethz.ch/speakers/pauli/2011, which should be watched in the opposite 
order to their listing (that is, from the bottom, upward); and at a moderately technical level, 
http://www.youtube.com/watch?v-Lzrlr3b5aO8. For movies of black-hole collisions and the 
gravitational waves they emit, based on the SXS team's simulations, see 
http://www.blackholes.org/explore2.html. 

There are no up-to-date books about gravitational waves for the general reader, but I do 
recommend Einstein’s Unfinished Symphony: Listening to the Sounds of Space-Time (Bartusiak 
2000), which is not extremely out of date. For the history of research on gravitational waves from 
Einstein onward, see Traveling at the Speed of Thought: Einstein and the Quest for 
Gravitational Waves (Kennefick 2007). 


Chapter 17. Miller’s Planet 


In this chapter I make a large number of claims about Miller’s planet: its orbit, its rotation (it 
always keeps the same face toward Gargantua except for rocking), Gargantua’s tidal forces that 
deform it and make it rock; and Gargantua’s whirl of space that it experiences and how the whirl 
influences inertia, centrifugal forces, and the speed-of-light speed limit. These claims are all 
supported by Einstein’s relativistic laws of physics, his general relativity. I don’t know of any 
books or articles or lectures for nonspecialists that discuss and explain these things, for a planet 
orbiting close to a spinning black hole, except my Chapter 17. Readers at the advanced 
undergraduate level may try to check my claims using concepts and equations in Hartle’s 
textbook, Gravity: An Introduction to Einstein’s General Relativity (Hartle 2003). 

The questions I raise in the section “Past History of Miller's Planet" do not require much 
relativistic physics. They can be answered almost entirely with Newton’s laws of physics, and 
the best places to seek relevant information are books and websites that deal with geophysics or 
the physics of planets and their moons. 


Chapter 18. Gargantua's Vibrations 


For a description of Bill Press's discovery that black holes can vibrate and Saul Teukolsky's 
deduction of the equations that govern those vibrations, see pp. 295—299 of Black Holes & Time 
Warps (Thorne 1994). The technical article about black-hole vibrations and their ringdown that 
underlies both Figure 18.1 and Romilly's data set is Yang et al. (2013) by Huan Yang, Aaron 
Zimmerman, and their colleagues. 


Chapter 21. The Fourth and Fifth Dimensions 


For more detail on the unification of space and time, see pp. 73—79 of Black Holes & Time 
Warps (Thorne 1994). For the superstring breakthrough by John Schwarz and Michael Green and 
how that forced physicists to embrace a bulk with extra dimensions, see The Elegant Universe: 
Superstrings, Hidden Dimensions, and the Quest for the Ultimate Theory (Greene 2003). 


Chapter 22. Bulk Beings 


For a highly rated, animated movie of Edwin A. Abbott's Flatland (Abbott 1884), see Flatland: 
The Film (Ehlinger 2007). For extensive discussions of the mathematics underlying Flatland and 
the story's connections to nineteenth-century English society, see The Annotated Flatland: A 
Romance of Many Dimensions (Stewart 2002). For visual insights into the fourth space 
dimension, see The Visual Guide to Extra Dimensions, Volume 1: Visualizing the Fourth 
Dimension, Higher-Dimensional Polytopes, and Curved Hypersurfaces (McMullen 2008). 


Chapter 23. Confining Gravity 


For much of the content of this chapter, I recommend Warped Passages: Unraveling the 
Mysteries of the Universe's Hidden Dimensions (Randall 2006). This is a thorough discussion 
of modern physicists' ideas and predictions about the bulk and its extra dimensions, written by 
Lisa Randall who, with Raman Sundrum, discovered that AdS warping can confine gravity near 
our brane (Figures 23.4 and 23.6). The idea of an AdS layer and sandwich, which I rediscovered, 
was first proposed and discussed in a technical paper by Ruth Gregory, Valery A. Rubakov, and 
Sergei M. Sibiryakov (Gregory, Rubakov, and Sibiryakov 2000), and the AdS sandwich was 
shown to be unstable in a technical paper by Edward Witten (Witten 2000). 


Chapter 24. Gravitational Anomalies 


For the history of the anomalous precession of Mercury's orbit and the search for the planet 


Vulcan, I recommend a scholarly treatise by science historian N. T. Roseveare, Mercury 's 
Perihelion from Le Verriere to Einstein (Roseveare 1982), and also the more readable but less 
comprehensive account by astronomers Richard Baum and William Sheehan, /n Search of the 
Planet Vulcan: The Ghost in Newton 's Clockwork Universe (Baum and Sheehan 1997). 

For the discovery of evidence for dark matter in our universe and the current search for dark 
matter, I recommend a highly readable book, The Cosmic Cocktail: Three Parts Dark Matter 
(Freeze 2014), by one of the leading researchers in this quest, Katherine Freeze. 

For the anomalous acceleration of the universe's expansion and the dark energy that 
presumably causes it, I recommend the last chapter of The Cosmic Cocktail (Freeze 2014) and 
also The 4% Universe: Dark Matter, Dark Energy, and the Race to Discover the Rest of 
Reality (Panek 2011). 


Chapter 25. The Professor's Equation 


The ideas that Newton's gravitational constant G might change from place to place and time to 
time, and might be controlled by some sort of nongravitational field, were hot topics 1n the 
Princeton University physics department when I was a PhD student there in the early 1960s. These 
ideas had been proposed by Princeton's Professor Robert H. Dicke and his graduate student Carl 
Brans in connection with their *Brans-Dicke theory of gravity" (Chapter 8 of Was Einstein 
Right? [Will 1993]), an interesting alternative to Einstein's general relativity. For a brief 
personal memoir about this, see “Varying Newton's Constant: A Personal History of Scalar- 
Tensor Theories" in Einstein Online (Brans 2010). The Brans-Dicke theory has motivated a 
number of experiments that searched for varying G, but no convincing variations were ever found; 
see, for example, Chapter 9 of Was Einstein Right? (Will 1993). These ideas and experiments 
motivated my interpretation of some of /nterstellar's gravitational anomalies and how to control 
them: bulk fields control the strength of G and make it vary. 

The Professor's equation, shown on his blackboard in Figure 25.6, builds on these ideas. It 
also incorporates Einstein's relativistic laws (general relativity), extended into the bulk's fifth 
dimension, which are laid out in a technical review article by Roy Maartens and Koyama Kazuya 
(Maartens and Kazuya 2010), and it incorporates a branch of mathematics called the calculus of 
variations"; see, for example, http://en.wikipedia.org/wiki/Calculus of variations. For a few 
technical details about the Professor's equation, see the appendix Some Technical Notes. 


Chapter 26. Singularities and Quantum Gravity 


For a first foray into quantum fluctuations and quantum physics more generally, I recommend The 
Ghost in the Atom: A Discussion of the Mysteries of Quantum Physics (Davies and Brown 


1986). I don't know any articles or books for nonphysicists about the quantum behavior of human- 
sized objects such as LIGO's mirrors; at a technical level, I discuss this in the second half of my 
third Pauli lecture (the one listed first) at http://www.multimedia.ethz.ch/speakers/pauli/2011. In 
John Wheeler's autobiography, he discusses how he came up with the idea of quantum foam 
(Chapter 11 of Geons, Black Holes and Quantum Foam: A Life in Physics [Wheeler and Ford 
1998]). 

In Chapter 11 of Black Holes & Time Warps (Thorne 1994) I discuss what was known in 
1994 about the interiors of black holes, and how we came to know it—including the BKL 
singularity and its dynamics; quantum gravity's control of the singularity's core and its connection 
to quantum foam; and the infalling singularity (mass-inflation singularity), which had only recently 
been discovered by Erik Poisson and Werner Israel (Poisson and Israel 1990) and was not yet 
fully understood. The upflying singularity was discovered so recently that there is not yet any 
detailed discussion of it for nonphysicists; the technical discovery article is Marolf and Ori 
(2013) by Donald Marolf and Amos Ori. Matthew Choptuik's discovery that tiny, transient naked 
singularities are possible was announced and explained in his technical article (Choptuik 1993). 


Chapter 27. The Volcano's Rim 


The volcano-like surface that underlies much of this chapter (Figures 27.3, 27.5, and 27.9) can be 
described with elementary physics equations, as can the Endurance's trajectory, the trajectory's 
instability on the rim, and the Endurance's launch toward Miller's planet. See the appendix Some 
Technical Notes. 


Chapter 28. Into Gargantua 


In the Prologue of Black Holes & Time Warps (Thorne 1994), I describe, in much greater detail 
than here, what it would look like and feel like to fall through a black hole's horizon, both as seen 
and felt by the infalling person and as seen by someone else outside the black hole. And I 
describe how the look and feel are influenced by the mass of the black hole and by its spin. 

Andrew Hamilton has constructed a *Black Hole Flight Simulator" for computing what it 
looks like to fall into a nonspinning black hole. His computations are similar to those done for 
Interstellar by Paul Franklin's team (Chapters 8, 9, and 15), but preceded /nterstellar by many 
years. Andrew has used his simulator to produce a remarkable set of film clips that can be found 
on his website, http://jila.colorado.edw-ajsh/insidebh, and in planetariums around the world (see 
http://www.spitzinc.com/fulldome_shows/show_blackholes). 

Andrew’s film clips differ from what we see in /nterstellar in several ways: First, for 
pedagogical purposes Andrew sometimes paints a grid of lines on the black hole’s horizon (there 


is no such grid for real black holes and none in /nterstellar), and when he does so, he also 
replaces the star that imploded to form the black hole by a “past horizon. ^? Second, in his 
“Journey into a Realistic Black Hole,” http://jila.colorado.edu/~ajsh/insidebh/realistic.html, 
Andrew endows the hole with a jet and an accretion disk. Gas from the disk falls into and through 
the horizon, and that infalling gas dominates what the camera sees at and beneath the horizon. In 
Interstellar, by contrast, there is no jet, and the accretion disk is so anemic that it is not currently 
sending any of its gas into and through the horizon, so the hole's interior looks rather dark. 
However, in /nterstellar Cooper encounters a dim fog of light and white flakes from stuff that fell 
in before him. These are not the result of simulations, but instead were put in by hand by the 


Double Negative artists. 


Chapter 29. The Tesseract 


When Christopher Nolan told me he was going to use a tesseract in /nterstellar, I was delighted. 
At age thirteen I read about tesseracts in Chapter 4 of George Gamow's marvelous book One, 
Two, Three, . . . Infinity (Gamow 1947), and that had a major role in making me want to become 
a theoretical physicist. You can find a detailed discussion of tesseracts in The Visual Guide to 
Extra Dimensions (McMullen 2008). Christopher Nolan's complexified tesseract 1s unique; there 
is not yet any public discussion of it anywhere, except in this book and others connected to the 
movie /nterstellar. 

In Madeleine L’Engle’s classic science fantasy novel for children, A Wrinkle in Time 
(L'Engle 1962), children travel via a tesseract—they “tesser”—to find their father. My own 
interpretation of this is a journey through the bulk, riding in the face of a tesseract, like my 
interpretation of Cooper's trip from Gargantua's core to Murph's bedroom, Figure 29.4. 


Chapter 30. Messaging the Past 


For physicists’ current understanding of backward time travel in four spacetime dimensions 
without a bulk, see the last chapter of B/ack Holes & Time Warps (Thorne 1994), the chapters by 
Hawking, Novikov, and me in The Future of Spacetime (Hawking et al. 2002), and Time Travel 
and Warp Drives (Everett and Roman 2012). These are all by physicists who have contributed in 
major ways to the theory of time travel. For a historical account of modern research on time 
travel, see The New Time Travelers: A Journey to the Frontiers of Physics (Toomey 2007). For 
a comprehensive discussion of time travel in physics, in metaphysics, and in science fiction, see 
Time Machines: Time Travel in Physics, Metaphysics and Science Fiction (Nahin 1999). From 
Eternity to Here: The Quest for The Ultimate Theory of Time (Carroll 2011) is a wonderful 
discussion of almost everything physicists know, or speculate, about the nature of time. 


I don't know any good books or articles, for general readers, about time travel when our 
universe is a brane that lives in a higher dimensional bulk; but as I discuss in Chapter 30, 
Einstein's laws extended to higher dimensions give basically the same predictions as without a 
bulk. 

For some technical details of Cooper's sending messages backward in time to Murph, see the 
appendix Some Technical Notes. 


Chapter 31. Lifting Colonies off Earth 


For Murph's method (reducing G) for lifting the colonies off Earth, in my interpretation of 
Interstellar, see my remarks about Chapter 25, above. 

In the early 1960s, when I was a PhD student at Princeton University, one of my physics 
professors, Gerard K. O'Neill, was embarking on an ambitious feasibility study for colonies in 
space, colonies somewhat like the one we see at the end of /nterstellar. His study, augmented by 
a NASA study that he led, resulted in a remarkable book, The High Frontier: Human Colonies in 
Space (O'Neill 1978), which I highly recommend. But do pay attention to the book's introduction 
by Freeman Dyson, which discusses why O’Neill’s dream of space colonies in his lifetime was 
shattered, but envisions them in the more distant future. 


59 Stated more precisely and more technically, he has his camera fall into the maximally extended Schwarzschild solution or 
Reissner-Nordstrom solution of Einstein’s equations instead of into a black hole. 


SOME TECHNICAL NOTES 


The laws of physics that govern our universe are expressed in the language of mathematics. For 
readers comfortable with math, I write down a few formulas that come from the physical laws and 
show how I used them to deduce some things in this book. Two numbers that appear frequently in 
my formulas are the speed of light, c — 3.00 x 10* meters/second, and Newton's gravitational 
constant, G = 6.67 x 10 !! meters?/kilogram/second". I use scientific notation so 10° means 1 with 
eight zeros after it, 100,000,000 or a hundred million, and 10 !! means 0.Пеп zeros]1, that is, 
0.00000000001. I don't aspire to accuracy any higher than 1 percent, so I show only two or three 
digits in my numbers, and when a number is very poorly known, only one digit. 


Chapter 4. Warped Time and Space, and Tidal Gravity 


The simplest, quantitative form of Einstein's law of time warps is this: Place two identical clocks 
near each other, and at rest with respect to each other, separated from each other along the 
direction of the gravitational pull that they feel. Denote by R the fractional difference in their 
ticking rates, by D the distance between them, and by g the acceleration of gravity that they feel 
(which points from the one that ages the fastest to the one that ages the slowest). Then Einstein's 
law says that g = Rc?/D. For the Pound-Rebca experiment іп the Harvard tower, R was 210 
picoseconds in one day, which is 2.43 x 10 P, and the tower height D was 73 feet (22.3 meters). 
Inserting these into Einstein's law, we deduce g = 9.8 meters/second?, which indeed is the 
gravitational acceleration on Earth. 


Chapter 6. Gargantua's Anatomy 


For a black hole such as Gargantua that spins extremely fast, the horizon's circumference C in the 
hole's equatorial plane is given by the formula C = 2nGM/c? = 9.3 (M/M, ) kilometers. Here M 


sun 


is the hole's mass, and М,, = 1.99 х 10?? kilograms is the Sun's mass. For a very slowly spinning 


hole, the circumference is twice this size. The horizon's radius is defined to be this circumference 
divided by 2x: R = GM/c? = 1.48 x 10° kilometers for Gargantua, which is very nearly the same 
as the radius of the Earth's orbit around the Sun. 

The reasoning by which I deduce Gargantua's mass is this: The mass m of Miller's planet 
exerts an inward gravitational acceleration g on the planet's surface given by Newton's inverse 
square law: g = Gm/r’, where ғ is the planet's radius. On the faces of the planet farthest from 
Gargantua and nearest it, Gargantua's tidal gravity exerts a stretching acceleration (difference of 
Gargantua’s gravity between the planet’s surface and its center a distance r away) given by g,.,,; = 
(2GM/ R5)r. Here R is the radius of the planet's orbit around Gargantua, which is very nearly the 
same as the radius of Gargantua's horizon. The planet will be torn apart if this stretching 
acceleration on its surface exceeds the planet's own inward gravitational acceleration, so Zida 
must be less than g: о... < g. Inserting the formulas above for g, 2,41, and R, and expressing the 
planet’s mass in terms of its density p as m = (471/3)r?p, and performing some algebra, we obtain 
M < \30/\2mGp, | estimate the density of Miller's planet to be p = 10,000 kilograms/meter? (about 
that of compressed rock), from which I obtain M «3.4 x 10% kilograms for Gargantua's mass, 
which is about the same as 200 million suns—which in turn I approximate as 100 million suns. 

Using Einstein's relativistic equations, I have deduced a formula that connects the slowing of 
time on Miller's planet, S = one hour/(seven years) = 1.63 x 10? to the fraction a by which 
Gargantua's spin rate is less than its maximum possible spin: * = 165°/(3\3). This formula is 
correct only for very fast spins. Inserting the value of S, we obtain a = 1.3 x 1074; that is, 
Gargantua’s actual spin is less than its maximum possible spin by about one part ina hundred 
trillion. 


Chapter 8. Imaging Gargantua 


The equations that I gave to Oliver James at Double Negative, for the orbital motion of light rays 
around Gargantua, are a variant ofthose in Appendix A of Levin and Perez-Giz (2008). Our 
equations for the evolution of bundles of rays are a variant of those in Pineult and Roeder (1977a) 
and Pineult and Roder (1977b). In several papers that we'll make available at 
http://arxiv.org/find/gr-qc, Paul Franklin's team and I give the specific forms of our equations and 
discuss details of their implementation and the simulations that resulted. 


Chapter 12. Gasping for Oxygen 


Here are the calculations that underlie my statements in Chapter 13. They are a nice example of 
how a scientist makes estimates. These numbers are very approximate; I quote them accurate to 
only one digit. 

The mass of the Earth's atmosphere is 5 x 10/5 kilograms, of which about 80 percent is 
nitrogen and 20 percent is molecular oxygen, O,— that is, 1 x 10% kilograms of O,. The amount of 
carbon in undecayed plant life (called “organic carbon" by geophysicists) is about 3 х 10° 
kilograms, with roughly half in the oceans' surface layers and half on land (Table 1 of Hedges and 
Keil [1995]). Both forms get oxidized (converted to CO,) in about thirty years on average. Since 
CO, has two oxygen atoms (that come from the atmosphere) and just one carbon atom, and the 
mass of each oxygen atom is 16/12 that of a carbon atom, the oxidization of all this carbon, after 
all plants die, would eat up 2 x 16/12 х (3 x 10P kilograms) = 1 x 107^ kilograms of O,, which is 
І percent of the atmosphere's oxygen. 

For evidence of sudden overturns of the Earth's oceans and the theory of how they might be 
produced, see Adkins, Ingersoll, and Pasquero (2005). The standard estimate of the amount of 
organic carbon in sediments on the ocean bottoms that might be brought to the surface by such an 
overturn focuses on an upper sedimentary layer that is mixed by ocean currents and animal 
activity. This mixed layer's carbon content 15 the product of an estimated rate of deposit of carbon 
into the sediments (about 1011 kilograms per year) and the average time it takes for its carbon to 
be oxidized by oxygen from ocean water (1000 years), giving 1.5 x 10'* kilograms, one-twentieth 
of that on land and in ocean surface layers (Emerson and Hedges 1988, Hedges and Keil 1995). 
However: (1) The estimated deposition rate could be wrong by a huge amount; for example, 
Baumgart et al. (2009), relying on extensive measurements, estimate a deposition rate in the 
Indian Ocean off Java and Sumatra that is uncertain by a factor of fifty and, extrapolated to the 
whole ocean could give as much as 3 x 105 kilograms of carbon in the mixed layer (the same as 
on land and in the ocean’s surface layers). (11) A substantial fraction of the deposited carbon 
could sink into a lower layer of sediment that does not get mixed into contact with seawater and 
oxidized except possibly during sudden ocean overturns. The last overturn is thought to have been 
during the most recent ice age, about 20,000 years ago—twenty times longer than the oxidation 
time in the mixed layer. So the unmixed layer could have twenty times more organic carbon than 
the mixed layer, and as much as twenty times that on land and in the ocean's surface. If brought to 
the ocean surface by a new overturn and there oxidized, this is nearly enough to leave everyone 
gasping for oxygen and dying of CO, poisoning; see the end of Chapter 12. Thus such a scenario is 
conceivable, though highly unlikely. 


Chapter 15. Visualizing /nterstellar's Wormhole 


Christopher Nolan chose several kilometers for the diameter of /nterstellar's wormhole. The 


wormhole's angular diameter as seen from Earth, in radians, is this diameter divided by its 
distance from Earth, which is about 9 astronomical units or 1.4 x 10? kilometers (the radius of 
Saturn's orbit). Therefore, the wormhole's angular diameter is about (2 kilometers)/(1.4 x 10? 
kilometers) = 1.4 x 10? radians, which is 0.0003 arc-seconds. Radio telescopes routinely 
achieve this angular resolution using transworld interferometry. Optical telescopes on the ground 
using a technique called *adaptive optics," and the Hubble space telescope in space, achieve 
angular resolutions a hundred times worse than this in 2014. Interferometry between twin Keck 
telescopes in Hawaii in 2014 can achieve a resolution ten times worse than the wormhole's 
angular diameter, and it is very plausible that in the era of /nterstellar optical interferometry 
between more widely spaced optical telescopes will make possible resolutions better than the 
wormhole’s 0.0003 arc-seconds. 


Chapter 17. Miller's Planet 


If you are familiar with Newton's gravitational laws in mathematical form, then you may find it 
interesting to explore a modification of them by the astrophysicists Bohdan Paczynski and Paul 
Wiita (Paczynski and Wiita 1980). In this modification, the gravitational acceleration ofa 
nonspinning black hole is changed from Newton's inverse square law, g = GM/r? to g = GM/(r — 
r,)^. Неге M is the hole’s mass, r is the radius outside the hole at which the acceleration g is felt, 
and r, = 2GM/c? is the radius of the nonspinning hole's horizon. This modification is a 
surprisingly good approximation to the gravitational acceleration predicted by general relativity.” 
Using this modified gravity, can you give a quantitative version of Figure 17.2% and deduce the 
radius of the orbit of Miller's planet? Your result will be only roughly correct, because the 
Paczynski-Wiita description of Gargantua's gravity fails to take account of the dragging of space 
into a whirling motion by the black hole's spin. 


Chapter 25. The Professor's Equation 


The meaning of the various mathematical symbols that appear in the Professor's equation (Figure 
25.6) is explained on his other fifteen blackboards, which can be found on the web at this book's 
page at Interstellar.withgoogle.com. His equation expresses an “Action” 8 (the classical limit of a 
“quantum effective action") as an integral over “Lagrangian” functions L. These Lagrangians 
involve the spacetime geometries (“metrics”) of the five-dimensional bulk and our four- 
dimensional brane, and also involve a set of fields that live in the bulk (denoted О, o, À, 6, and 
Q^), and also “standard model fields" that live in our brane (including the electric and magnetic 
fields). The fields and spacetime metrics are to be varied, seeking an extremum (maximum or 
minimum or saddle point) of the Action S. The conditions that produce an extremum are a set of 


“Euler-Lagrange” equations that control the evolutions of the fields. This is a standard procedure 
in the calculus of variations. The Professor and Murph make guesses for a list of unknown bulk 
fields ф' and unknown functions U(O), H;(Q^), M(standard model fields), and unknown constants 
W, that appear in the Lagrangian. In Figure 25.9 you see me writing a list of their guesses on the 
blackboard. Then for each set of guesses, they vary the fields and spacetime geometries, deduce 
the Euler-Lagrange equations, and then explore in computer simulations those equations" 
predictions for the gravitational anomalies. 


Chapter 27. The Volcano's Rim 


This note is for readers who are familiar with the mathematical description of Newton's laws of 
gravity and the conservation of energy and angular momentum. I challenge you to deduce the 
following formula for the volcano-like surface from (1) the Paczynski- Wiita approximate formula 
for Gargantua's gravitational acceleration, e = GM/(r — r,} (see the technical notes for Chapter 
17, above) and (i1) the conservation laws for energy and angular momentum. The formula, using 
the notation of the technical notes for Chapter 17 plus L for the Endurance’s angular momentum 


(per unit mass), is 
GM ig? 


ү) = т 
The first term is ће Endurance's gravitational energy (per unit mass), ће second is its 
circumferential kinetic energy, and the sum of V(r) and the radial kinetic energy v’/2 (with v its 
radial velocity) is equal to the Endurance's conserved total energy (per unit mass). The rim of the 
volcano is at the radius r where V(r) is a maximum. I challenge you, using these equations and 
ideas, to prove my claims, in Chapter 27, about the Endurance's trajectory, the trajectory's 
instability on the rim of the volcano, and its launch toward Edmunds’ planet. 


Chapter 30. Messaging the Past 


In the bulk as well as in our brane, the locations in spacetime, to which messages and other things 
can travel, are controlled by the law that nothing can travel faster than light. We physicists use 
spacetime diagrams to explore the consequences of this law. We draw spacetime diagrams in 
which, at each event, there is a “future light cone." Light travels outward from that event along the 
light cone; everything else, moving slower than light, travels from that event either along or inside 
the cone. See, for example, Gravity: An Introduction to Einstein's General Relativity (Hartle 
2003). 

Figure TN.1 shows the pattern of future light cones inside and on faces of the tesseract, in my 
interpretation of Interstellar. (It is the mathematical description of spacetime warping that I refer 


to in footnote 1 of Chapter 30. Physicists call this pattern of light cones “the causal structure of 
spacetime" inside the tesseract.) Figure TN.1 also shows the world line (violet curve) of the 
gravitational-wave message (force) sent by Cooper through the tesseract's interior to Murph's 
bedroom; and the world line (red dashed line) of the light ray from the bedroom through tesseract 
faces, by which Cooper sees the bedroom. This is a spacetime version of the purely spatial 


diagram in Figure 30.5. 
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Figure TN.1. The causal structure of spacetime inside the tesseract with one space 


dimension omitted. 


Can you understand from this diagram how it is that the gravitational-wave message travels at 
the speed of light, yet moves backward relative to bedroom time and Cooper’s time? And can you 
understand how, by contrast, the light ray travels at the speed of light and moves forward relative 
to bedroom time and Cooper’s time? Compare with our discussion of Escher’s drawing, Figure 


30.6. 


60 This Paczynski-Witta modification of gravity was used in developing the black hole's influence on spacecraft orbits for a 
gravitational-slingshot video game associated with /nterstellar, see Game.InterstellarMovie.com. 


61 For a related calculation, see the technical notes for Chapter 27, below. 
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star-streaming patterns as camera moves around hole, 76, 78-82, 85-86 
computation of, for Interstellar, 83-86 
lensing of one black hole by another black hole, 86-87 
gravitational lensing by wormholes, / 47, 142-145, 143, 145; see also wormhole in Interstellar; wormholes 
gravitational slingshots: 
NASA's, in the solar system, 72-74, 117 
references on, 279-280 
Endurance around Mars, 74 
necessary for spacecraft navigation near Gargantua, 67—68 
IMBH needed, 69—71 
for Ranger's trip from Endurance to Miller's planet, 68—70 
for Endurance's trip to Mann's planet, 176 
for Endurance's trip to Edmunds' planet, 237 
imaged by gravitational lensing, 86-87 
in a black-hole binary system, for intergalactic travel, 120—123 
video game based on, 280, 295 
gravitational waves: 
what they are, 146, 151—153 
tendex lines, 151—153 
role in my extrapolation of Interstellar—discovering the wormhole, 146—150 
gravitational waveforms, 147-148, 147,155 
from neutron star spiraling into black hole, 148—149 
from merging black holes, 151—152, 151 
from a mountain on a spinning neutron star, 149—150 
from a spinning, deformed black hole, 752 
from the big-bang birth of our universe, 155-157 
gravity gradiometer, 209—211, 210 


Halley's comet, 71, 175 
Hollywood, culture of, 1—14, 277 


IMBH (intermediate-mass black hole), 69-71, 86-87, 86, 176 
Interstellar: 
genesis of, 1-9 
my science guidelines for, 4, 8, 9, 43 
visual effects in, 10-12, 30-31, 75-87, 94-99, 138-145 
movie sets for, 13-14 


see also Interstellar, scenes in 
Interstellar, scenes in: 
opening scene, Cooper trying to land a Ranger, 208 


life on Earth (“Cooper’s world”), 106-107, 107 
blight in crops on Earth, 31, 105-106, 111, 112, 114; see also blight in crops 
gravitational anomalies on Earth: 
in opening scene of movie, 208 
harvesters gone haywire, falling books and dust, 208 
in Murph's bedroom, 202, 208—209, 211 
see also gravitational anomalies in /nterstellar 
Cooper at NASA, 133, 273 
Endurance's trip from Earth to Saturn, 68, 74, 117 
Romilly explains wormholes, 736 
the wormhole, 145,208 
Endurance’s trip through the wormhole, 144 
Ranger’s trip from Endurance to Miller’s planet, 68-70, 168, 169 
crew on Miller’s planet, 58-59, 161, 164-165, 165 
crew’s return to Endurance and to Romilly, 170 
choice of where to go after Miller’s planet, 100 
Endurance’s trip to Mann’s planet, 176 
Ranger scraping ice clouds when landing on Mann’s planet, 177 
crew on Mann’s planet, 178-179 
Dr. Mann describing Professor's struggle to understand gravity, 229 
Romilly urging Cooper to seek information from Gargantua's singularities, 234 
scenes back on Earth: 
the Professor and Murph in the Professor's office, 213, 227 
the Professor dying, 222 
Endurance's explosion above Mann's planet, 181—182, 181 
Endurance's plunge and rescue near Gargantua's critical orbit, 237—244 
Cooper and TARS plunging into Gargantua, 234, 242-244, 247-251 
Endurance's launch off critical orbit toward Mann's planet, 244—245 
Cooper rescued by the tesseract, 251—252 
Cooper in tesseract, communicating backward in time with young Murph, 255—261, 265-266, 270—271, 297 
Cooper touching Brand across the fifth dimension, 193, 272 
Cooper in the space colony, 274—275 
Cooper sets out in search of Brand, 275 
interstellar travel, 115—123, 282 
with twenty-first-century technology, 117 
with far-future technology, 117—123 
via thermonuclear fusion, 118-119 
via laser beam and light sail, 119-120 
via gravitational slingshots, 120—123 
via wormholes and other space warps, 123, 282 
references on, 282 
inverse square law for gravity, 26, 26, 27, 34, 194—196, 198—199, 202—204, 216, 219, 274, 292, 295; see also bulk, confining gravity 
in 
Io (moon of Jupiter), 168 


jets from black holes: 
visually impressive to astronomers, 87 
in the quasar 3C273, 88-89, 89 
powered by whirling magnetic fields, 91—92 
missing from Gargantua, 94 


astrophysicists’ simulations of, 280—281 


Kip Thorne (me): 
photos of, 6, 9, 11, 213,221 
roles in LIGO, 151, 154, 224 
roles in /nterstellar, 1-14 
roles in computer simulations of warped spacetime, 154 
discovery of tendex lines, 41 
maximum spin of a black hole, 61 
the Blandford-Znajek mechanism to power black-hole jets, 92 
wormhole research, 2 
time-travel research, 268 
bet with Hawking about naked singularities, 227—229 


law of time warps, Einstein’s, see time warps, Einstein’s law of 
laws of physics, 27—34, 278 
shape and control our universe, 27 
Newtonian laws, 27—30; see also inverse square law for gravity 
Einstein's relativistic laws, 28-32; see also warped spacetime 
Einstein's formulation of, 37-38, 203—204 
Einstein's law of time warps, see time warps, Einstein's law of 
same predictions as Newtonian laws when gravity weak and speeds small, 43 
extension into five spacetime dimensions, 200, 220, 269, 286 
quantum laws, 28-30, 32, 34 
nature of, 223—225 
their primacy over Newtonian and relativistic laws, 223—225 
discard fluctuations to recover Newtonian and relativistic laws, 224 
references on, 287 
quantum gravity laws (tera almost incognita), 29—30, 32 
and superstring theory, 187—188, 284 
their nature encoded m singularities inside black holes, 225—227 
references on, 287 
power of multiple viewpoints on laws of physics, 44 
revolutions that upend established laws, 34, 275 
power that mastery of the laws gives to humans, 275 
LIGO (Laser Interferometer Gravitational Wave Observatory): 
how it works, 152-153 
the LIGO international collaboration, 153 
see also gravitational waves 


magnetic fields, 22-25 
bar magnet and field lines, 22—23, 23 
Earth's, and Aurora Borealis, 23-25, 25 
neutron star's, 25, 30 
accretion disk's, 90—92 
power a black hole's jets, 91-92 
magnetic levitation, 23, 23 
confined to our brane, 192, 215, 296 
Mann's planet: 
orbit of, 174—175, 175, 298 


lack of a sun, 175 
ice clouds, 176-177 
geological data—signs of life, 177-179 
Milky Way galaxy, 19, 52-53, 279 
Miller's planet: 
used to infer properties of Gargantua, 58-62, 292 
orbit of, 62—63, 62, 161—162 
image of, above Gargantua's disk, 98 
slowing of time on, 59—61, 163 
rotation of, 163, 165—166 
rocking of, 165-167 
Gargantua's tidal gravity acting on, 58, 163 
Gargantua's whirl of space near, 163—164 
giant water waves on, 164—166, 165 
past history of, 166—168 
appearance of Gargantua from, 168—169, 169 
scenes in /nterstellar, 58-59, 161, 164-165, 165 


neutron stars: 
born through implosion of a star (supernova), 206 
masses and circumferences, 22, 22 
magnetic fields, 25, 25, 30 
jets from, 25, 25 
torn apart by black holes, 148-149 
as pulsars, 25, 30 
slingshot off, in Interstellar, 68-70 
torn apart by black holes, 146—149 
Newtonian laws of physics, see laws of physics, Newtonian laws 
Nolan, Christopher: 
foreword to this book, vii 
collaboration with his brother, Jonathan, 4, 8, 262 
negotiations to rewrite and direct Interstellar, 7, 8, 233 
Кір” interactions with, 8-10, 59, 69-70, 151, 189, 213, 246, 249 , 250, 256, 264 
knowledge and intuition about science, 8-9, 189 
commitment to science accuracy, vil, 8-9, 83, 94-96, 182 
some science choices and ideas, 9 
gravitational slingshots, 69—70 
slowing of time on Miller's planet, 59, 163 
water waves on Miller's planet, 164—166 
spin of Gargantua for visualizations, 76, 97—98 
anemic accretion disk, 94 
size of Gargantua on sky, 63, 168—169 
accident is the first building block of evolution, 100 
wormbole's gravitational pull, 139 
wormhole’s handles, 139-140, 144 
remove gravitational waves from /nterstellar, 150—151 
explosion in space, 182 
bulk beings as descendants of humans, 193 
number of dimensions for the bulk, 196 
Endurance's near capture by Gargantua, 252 


bulk beings save Cooper from singularity, 247 

which singularity, 249 

what it looks like inside a black hole, 250 

rule set for time travel, 263 

complexified tesseract, 252-253, 256-261, 264-266 

moving forward and backward in our universe's time by moving through the bulk, 261, 271 
science compromises to make film great, 61-62, 63-64, 97-98, 144-145, 168-169, 196 
Science compromises to make film accessible to mass audience, 69—70, 76, 150—151, 242 


Kip's overall view on his science compromises, 9 
use of sets instead of computer graphics, 13-14 
communicating rule sets to audience, 262 


oxygen cycle, 281 


pathogens, 108-111, 113 
planets of our solar system, 20—21, 21, 71, 71 
Professor Brand's equation, 200—201, 212—222; see also blackboards, Professor Brand's 
Kip's discussions with Christopher Nolan about what the equation should be, 9, 213 
and the Professor's struggle to understand gravity, 213—220 
and controlling gravity's strength, so as to lift colonies off Earth, 212, 221, 223, 263, 273-274 
specific form of the equation, 220 
explanation of equation, 220—221 
solving the equation—what that means, 221 
iterations in solving the equation, 221—222, 221 


quantum data, see quantum gravity data 
quantum fluctuations, 28—29, 155—156, 197, 223—225, 268, 273,287 
quantum foam, 134—135, 224—225 
quantum gravity data 

what these data are, 224—225 

encoded in the singularities inside a black hole, 225—227 

extracting them from a singularity, 170, 223, 266 
quantum gravity, see laws of physics, quantum gravity laws 
quantum physics, see laws of physics, quantum laws 
quasars: 

discovery of, 88-89 

explanation by black-hole accretion disk, 89—91 

Jets powered by whirling magnetic fields, 91—92 


revolutions that upend scientific truth, 24, 202 
rocket technology: 

twenty-first century, 68, 117 

far future, 117-120 


Science: 
the power of, for humans, 275 
the importance of understanding science, its power and its limitations, 275 
truth, educated guess, and speculation in, 30-34 
science fiction: 
contrast with science fantasy, 62 
respectability in, 246—247 


singularities: 
what a singularity is, 225—226 
as the domain of quantum gravity, 49, 225—227 
naked singularities, 59, 227—230 
inside black holes, see singularities inside black holes 
singularities inside black holes: 
the chaotic, lethal BKL singularity, 230—231, 246 
the infallng (mass-inflation) singularity, 232—233, 246, 248-249 
the outflying (shock) singularity, 233—234, 246, 248—249 
"gentleness" of infalling and outflying singularities, 234, 246—247 
Cooper sandwiched between singularities in /nterstellar, 248—249 
slingshots, see gravitational slingshots 
solar system, 20—21, 21, 71, 71 
solving gravity, see Professor Brand's equation 
space colonies, 273—275, 290 
spacetime: 
unification (mixing) of space and time, 185-186 
causal structure of, 297—298 
warping of, see warped spacetime 
space warps, see warped spacetime 
Stars: 
nearest, 115-117 
Tau Ceti, 115-117 
Proxima Centauri, 21, 116-117, 120 
torn apart by black holes, 93-94, 148-149 
Sun, 20-21, 20 
space warped around, 37—39, 47, 32, 39 
tidal forces of, 43 
temperature of, 94 
gravitational force of, and planetary orbits, 194—195, 202 
particles flying out from, 24—25 
superstring theory, 30, 187—188, 787, 284 
tendex lines, 41—44, 47, 151—153, 151, 152, 153, 164—165, 165, 209—211, 209, 210, 214—216, 214, 215; see also tidal gravity 
tesseract: 
as a hypercube in a space with four dimensions, 253, 253 
as a means of transport through the bulk, 34, 193, 196—197, 200—201 
in the novel A Wrinkle in Time, 289 
tesseract, in /nterstellar: 
saves Cooper from singularity, 251, 252 
entrance to, 252 
transports Cooper to vicinity of Murph's bedroom, 254—255 
Cooper sees six views into bedroom, 256-257 
Cooper sends signals backward in time to Murph, via the tesseract, 263—266, 270—271, 297-298 
see also tesseract, Nolan's complexified 
tesseract, Nolan's complexified 
images from Interstellar, 257, 261, 265 
Christopher Nolan's hand drawing of, 259 
Кір” explanation of, 256-261, 265-266, 270—271 
sending messages backward in bedroom time, 263—266, 270—271, 297—298 


Thorne, Kip, see Kip Thorne 
tidal bores, 166, 767 
tidal field, see tendex lines; tidal gravity 
tidal forces, see tendex lines; tidal gravity 
tidal gravity: 
instruments to measure, 209—211, 210 
Newton's viewpoint, 42-43 
and straightest paths through warped spacetime, 41, 44, 278 
tendex viewpoint, 41—44 
and ocean tides on Earth, 42-43 
and gravitational waves, 151—153 
on Jupiter's moon Io, 168 
on Miller's planet, 58, 163—166, 284, 292 
tears stars apart, 93—94, 148—149, 280 
squeezes accretion disk, 98 
and design of the Endurance, 180—181 
pries Endurance apart from Mann's planet, 237—238, 238 
and gravitational anomalies, 213-216 
near singularities, 231—233, 251 
see also tendex lines 
tides: 
on Earth's oceans, 42—43 
on Miller's planet, 163, 166 
time travel: 
what we know about, without a bulk, 266—269 
with a bulk, 269 
in Interstellar: 
Christopher Nolan's rule set for, 263 
messaging Murph backward in time, 263—266, 265, 270-271, 270, 289—290, 297-298, 298 
time warps, see time warps, Einstein's law of; warped spacetime 
time warps, Einstein’s law of, 35-37, 291 
applications of, 47, 139, 162, 267 
toxins, 108 
truth, educated guess, and speculation in science, 30-34 
tsunamis: 
on Earth, 767, 274-275 
on Miller's planet, 166 


universe, our: 
overview of, 17—26, 277 
laws that control it, 27—34; see also laws of physics 
as a brane in a higher-dimensional bulk, 32, 187-188; see also branes 


Viking spacecraft, 38-39 
volcano's rim, see critical orbit around a black hole 
Vulcan, 203, 285 


warped side of the universe, 154, 283; see also big-bang origin of our universe; black holes; geometrodynamics; gravitational 
waves; wormholes 
warped spacetime, 35-41 


space warps, 37—41 
time warps, 35-37 
underlies Einstein's relativistic laws, 28—29 
and tidal gravity, 41 
whirling space, 48-49; see also black holes, whirl of space near 
warping begets warping, 46-47 
around black hole, precise depiction, 49 
white dwarfs, 21—22 
wormbole in /nterstellar: 
visual appearance, /45 
visualization of, by Double Negative visual-effects team, 138-145 
gravitational pull and time warping, 138—139 
handles for its shape: radius, length, and lensing width, 139—140 
influence of handles on its appearance, 140-144 
gravitational lensing by, 142—145 
discovering the wormhole by gravitational waves: my extrapolation, 146-151 
bulk fields hold it open, in my interpretation, 218-219 
see also wormholes 
wormholes: 
how they got their name, 127 
mouths, 133 
some history of research on, 128-129, 130-132 
almost certainly do not occur naturally, 133-135 
perhaps forbidden by laws of physics, 136-137 
problem of holding them open, 129-130, 218, 278 
problem of making them artificially, 135-136 
in Contact (the movie), 130-132 
Flamm's wormhole (Einstein-Rosen bridge), 128-130 
as seen from the bulk, 728, 129, 131 
visualizing via gravitational lensing, 138-144 
visual appearance, 132-133, 733, 141, 143, 145 
microscopic wormholes (quantum foam), 134—135, 134, 224—225, 225, 287 
see also wormbole in /nterstellar 
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